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ABSTRACT
We report a detailed study of subpulse drifting in four long period pulsars. These pulsars
were observed in the Meterwavelength Single-pulse Polarimetric Emission Survey and the
presence of phase modulated subpulse drifting was reported in each case. We have carried
out longer duration and more sensitive observations lasting 7000-12000 periods, between fre-
quency range of 306 and 339 MHz. The drifting features were characterised in great de-
tail including the phase variations across the pulse window. In two pulsars J0820−1350 and
J1720−2933 the phases changed steadily across the pulse window. The pulsar J1034−3224
has five components. The leading component was very weak and was barely detectable in
our observations. The four trailing components showed the presence of subpulse drifting. The
phase variations changed in alternate components with a reversal in the sign of the gradient.
This phenomenon is known as bi-drifting. The pulsar J1555−3134 showed the presence of
two distinct peak frequencies of comparable strengths in the fluctuation spectrum. The two
peaks did not appear to be harmonically related and were most likely a result of different
physical processes. Additionally, the long observations enabled us to explore the temporal
variations of the drifting features. The subpulse drifting was largely constant with time but
small fluctuations around a mean value was seen.
Key words: pulsars: general - pulsars: individual: J0820−1350, J1034−3224, J1555−3134,
J1720−2933.
1 INTRODUCTION
The radio emission from pulsars is highly pulsed and usually oc-
cupy a small fraction of the pulsar period. The single pulses con-
sist of one or more individual subpulses. In certain pulsars it is
seen that the subpulses exhibit a periodic variation within the
pulse window either in their location or amplitude or both and the
phenomenon is known as subpulse drifting (Drake & Craft 1968).
There are around 120 pulsars where this phenomenon has been re-
ported (Weltevrede et al. 2006, 2007; Basu et al. 2016). The sub-
pulse drifting can be broadly categorised into two distinct classes,
the phase modulated drifting, where the subpulses show a steady
shift in position across the pulse window, and the amplitude mod-
ulated drifting, where the subpulses are stationary within the pulse
window but periodically change in intensity. The fluctuation spec-
tral analysis (Backer 1973; Backer et al. 1975), which involve car-
rying out Fourier transforms for a number of consecutive single
pulses along specific pulse longitudes, illustrate the different drift-
ing classes in pulsars. The drifting periodicity is seen as a peak
in the fluctuation spectrum. The subpulse motion across the pulse
window, on the other hand, is seen as a phase variation correspond-
ing to the peak frequency. The amplitude modulated drifting shows
a relatively flat phase behaviour across the pulse window while the
phase modulated drifting shows large systematic phase changes.
The radio emission from pulsars is expected to arise due
to the growth of instabilities in the relativistic plasma outflow-
ing along the open magnetic field lines (Asseo & Melikidze 1998;
Melikidze et al. 2000; Gil et al. 2004; Mitra et al. 2009). The
plasma has been proposed to originate from an inner acceleration
region (IAR) above the polar cap in the form of sparking discharges
(Ruderman & Sutherland 1975). In this scenario the subpulse drift-
ing is related to the plasma dynamics which is governed by the
E ×B drift in the IAR. The subpulse drifting is a consequence of
the sparks lagging behind corotation of the star. Using this concept
a new relationship between the drifting and the spin down energy
loss (E˙) was established by Basu et al. (2016). The drifting pe-
riodicity (P3), for the phase modulated drifting, was found to be
anti-correlated with E˙, P3 ∝ E˙
−0.6P , where P is the pulsar pe-
riod. The amplitude modulated drifting, on the other hand, showed
no clear dependence on E˙. Additionally, the phase modulated drift-
ing was only seen in pulsars with E˙ < 2×1032 erg s−1. The
periodic subpulse modulation seen in pulsars with E˙ > 2×1032
erg s−1 exclusively belonged to the amplitude modulation class.
It has been shown by Basu et al. (2017) that the periodicities of
amplitude modulation are similar to periodic nulling, implying a
common origin for both. It was also suggested that periodic ampli-
c© 0000 The Authors
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tude modulation is a different phenomenon from phase modulated
subpulse drifting, hereafter simply subpulse drifting.
As the pulsar rotates the line of sight traverses from the lead-
ing to the trailing edge of the pulse window. The phase variations,
seen from the leading to the trailing edge of the window, can be
broadly categorised into two classes. The first group is called neg-
ative drifting and the phases show a positive slope from the leading
to the trailing edge. The subpulses in negative drifting are shifted
towards leading part of the profile with increasing time. The pos-
itive drifting on the other hand corresponds to the case where the
phase changes show a negative slope from the leading to the trail-
ing edge of the pulse window. In this case the subpulses shift to-
wards the trailing part of the profile in subsequent periods. The
positive and negative drifting originate due to different reasons in
competing models explaining this phenomenon. According to the
carousel model (Gil & Sendyk 2000; Deshpande & Rankin 2001)
the subpulse drifting originates due to the rotation of the sparking
discharges in the IAR around the magnetic axis. The drift direc-
tion can be attributed to either the clockwise or anti-clockwise ro-
tation of the sparking system. Additionally, depending on whether
the line of sight cuts the emission beam inwards or outwards from
the rotation axis the drift direction is reversed. In a second model
for subpulse drifting, where the sparks in the IAR are expected to
lag behind corotation (Basu et al. 2016), the drift direction is rep-
resentative of the aliasing effect around 2P . The subpulses in sub-
sequent periods have an intrinsic motion from the trailing to the
leading edge. If the drift periodicity is more than 2P the positive
drifting is seen. The negative drifting occurs if the drift periodicity
is less than 2P .
The Meterwavelength Single-pulse Polarimetric Emission
Survey (MSPES, Mitra et al. 2016) was carried out to study the
radio emission properties of 123 pulsars. Basu et al. (2016) con-
ducted fluctuation spectral studies to characterise the periodic sub-
pulse behaviour in these pulsars. They concentrated primarily on
the drifting periodicity and did not address phase changes associ-
ated with them in detail. One primary reason for this is such studies
require very sensitive observations covering a large number of sin-
gle pulses which are restricted in the survey setup. In this work we
have characterised the subpulse drifting in four pulsars observed in
MSPES using more sensitive studies. These pulsars were selected
based on their prominent drifting features as well as high signal to
noise detections of the drifting peaks in the fluctuation spectra. We
have carried out long observations of these sources and carried out
the most sensitive phase variation studies for their drifting features.
In addition, we have also investigated the temporal variations of the
subpulse drifting phenomenon using the long observations.
2 OBSERVATIONS AND ANALYSIS
We have observed the four pulsars in Table 1 using the Giant Meter-
wave Radio Telescope (GMRT), which is located near Pune, India
(Swarup et al. 1991). The GMRT is an interferometric array con-
sisting of thirty antennas each of forty five meters diameter, with
fourteen antennas located within a central square kilometer area
and the remaining sixteen antennas spread along three arms in a
Y-shaped array. We have used the Telescope in the phased array
mode where the signals from different antennas were co-added. In
order to reach sufficient sensitivity for single pulse studies we used
approximately twenty antennas, including all the available central
square antennas and the two nearest arm antennas. A phase calibra-
tor was recorded at the start of each observation and subsequently
after every hour. Appropriate “phasing” solutions were estimated
to correct for temporal gain variations in each antenna. The pul-
sars were observed on November 4 and 5, 2015 with each pulsar
recorded for durations between 7000 and 12000 periods. In some
cases there were phasing breaks in between the observations of a
source.
Total intensity signals were recorded at frequencies between
306 and 339 MHz, covering a bandwidth of 33 MHz and spread
out over 256 frequency channels. This resulted in higher sensitiv-
ity detection of single pulses compared to MSPES, where the sig-
nals were recorded in the full polarization mode but over 16 MHz
bandwidth. The time resolution for these observations was 491.52
microseconds. The dispersion spreads across the frequency band
were corrected using the known dispersion measures of the pul-
sars and the signal was subsequently averaged along the frequency
band to produce a time series corresponding to the radio emission
from each pulsar. In order to maintain continuity in the overall time
series data during phasing breaks suitably weighted noise signals
were inserted during these intervals. Finally, the time series sig-
nals were re-sampled to form a two dimensional pulse stack with
one axis along the pulse longitude, separated into integral bins, and
the other along the pulse number (see figure 1). Further informa-
tion about the initial analysis is detailed in Basu et al. (2016, see
appendix A).
We have used the fluctuation spectral analysis to explore the
subpulse drifting in the four pulsars studied in this work (Backer
1973; Backer et al. 1975). The primary analysis scheme was the
Longitude Resolved Fluctuation spectra (LRFS) where Fourier
transforms across each longitude, for 256 consecutive single pulses,
were carried out. Subsequently, the starting point was shifted by
fifty periods and the process was repeated till the end of the ob-
servations. Each LRFS realisation had two constituents, the ampli-
tude with one or more peak frequencies (fp in units of cycles/P ),
and the corresponding phase at fp giving the nature of subpulse
variation across the pulse window. In Basu et al. (2016) we pro-
posed a method to quantify the temporal variation in LRFS ampli-
tude by stacking the average across the pulse window as a function
of the starting period. Two consecutive spectra separated in this
work were separated by ten periods1). In order to reduce the effect
of the unknown baseline level the time average peak intensity in
the LRFS was normalized to unity. The primary drawback of this
method was that the information across the the pulse window was
lost due to averaging. Also, no information was preserved regard-
ing the phase variations. Additionally, it was seen that the gaps in
the data during telescope phasing resulted in strong low frequency
peaks which suppressed the drifting peaks in the average spectra. In
order to mask these unwanted peaks we estimated the baseline rms
level of the LRFS and replaced the affected LRFS intervals during
phasing with simulated noise.
In this work we have devised another method to study the na-
ture of subpulse drifting using the fluctuation spectra. Similar, to
the previous case the individual FFTs for 256 consecutive periods
were estimated for the entire observing run by shifting the starting
point by fifty periods. The first step was to estimate the peak ampli-
tude of the fluctuation spectra as a function of the pulse longitude.
The fp from the average LRFS and the corresponding error, δf ,
1 we have replaced ten periods by fifty periods in this work. We found this
did not affect the estimation of temporal variation of the signal, since, this
was well below the FFT lengths, but this considerably saved computation
time.
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Figure 1. The figure shows a section of the single pulse stacks comprising of 256 consecutive periods for the four the pulsars J0820−1350, J1034−3224,
J1555−3134 and J1720−2933.
Table 1. Observing Details.
Pulsar Period DM E˙ Npulse
(sec) (pc cm−3) (1031erg s−1)
J0820−1350 1.238 40.94 4.38 10199
J1034−3224 1.150 50.75 0.597 7837
J1555−3134 0.518 73.05 1.77 6947
J1720−2933 0.620 42.64 12.3 11660
was determined. Here δf = FWHM/2.355, FWHM being the Full
Width at Half Maximum of the peak (Basu et al. 2016). Now, for
each 256 period FFT we looked for the maximum value within the
error window at each longitude (i.e fp − 3δf < f < fp + 3δf )
and any significant measurement ( > 3 times the rms level of the
baseline) was identified. In addition the fps at each longitude, for
all the different measurements of the LRFS, were averaged and the
value was overlayed on top of the individual measurements. This
is shown in Figure 2 (right plot, top panel), where the small red
dots represent the maximum amplitude corresponding to fp for all
LRFS realization and the black dots show the average value. The
phase variations, corresponding to the peak amplitude, were also
estimated similarly (see Figure 2, right plot, middle panel). How-
ever, one additional step was followed while estimating the phase
variations. The fifty period shift between two consecutive LRFS
was not an integral multiple of the drifting periodicity (P3) and re-
sulted in arbitrary phase differences between different realizations
of the LRFS. This would result in smearing of the peak phase in-
formation in the average behaviour. To address this issue we have a
priori fixed the phase at a certain pulse longitude, the profile peak
intensity, to be zero and estimated the variation of the phases across
the window. The absolute phase information during each LRFS is
lost but the information regarding the relative phase variation across
the pulse window is not washed away. For both the estimates of the
peak amplitude and phase at any longitude we have only consid-
ered significant measurements, i.e. the measured frequency peak
was greater than 3σ level of the baseline.
The above method of estimating the variation of drift phase
is a superior technique for pulsars with long uninterrupted drifting
patterns. This is primarily because some of the phase information
at certain longitudes which were lost during any specific LRFS re-
alization due to weaker signal strengths can be recovered during
the longer integrations. Earlier techniques (eg. van Leeuwen et al.
2002) have used prominent single pulse sequences to establish the
nature of subpulse motion within the pulse window. In these cases
the results were likely to be biased by that particular sequence
of single pulses. The sensitivity of estimating the subpulse mo-
tion would also be affected by the errors in localising the subpulse
peaks. We have also determined the average pulsar profile within
the pulse window as shown in right plot, bottom panel of figure 2.
We did not have absolute flux calibration for the profiles and nor-
malized the profile peak to unity in these plots.
3 THE SUBPULSE DRIFTING IN INDIVIDUAL
PULSARS
We have applied the analysis schemes described in the previous
section to study in detail the temporal as well as longitudinal vari-
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ation of subpulse drifting in all four pulsars. We have employed
two main analysis techniques for these studies.The first technique
involved averaging the LRFS across the pulse window and estimat-
ing its temporal variation. The second technique involved finding
the peak amplitude and look for its variation, as well as the phase
associated with it, as a function of longitude. All the time realiza-
tions in the second exercise were seen as a spread around a mean
value at each longitude.
3.1 J0820−1350
In figure 2, left plot, the temporal variation of the average LRFS is
shown. The peak frequency is fp = 0.211±0.009 cycles/P and the
Full Width Half Maximum (FWHM) of the peak is 0.021 cycles/P .
This corresponds to drifting periodicity P3 = 4.7±0.2 P . In order
to estimate the relative strength and spread of the drifting feature an
S factor was introduced by Basu et al. (2016). This was defined as
S = Vp/FWHM, where Vp is the separation between the frequency
peak and the baseline level of the fluctuation spectra. The time av-
eraged LRFS peak for this measurement had S = 38.9. The above
results for peak in the LRFS and the corresponding drifting period-
icity is compatible with the measurements reported in Basu et al.
(2016). The frequency peak despite its relatively high S value is
not sharply defined either in the individual LRFS or in their time
evolution. The spread of the peak frequency in the LRFS has inter-
esting implications about the physical conditions in the IAR which
we discuss in the next section. The right plot in figure 2 presents
the change of drifting features across the pulse window. The top
part shows the variation of the peak intensity while the middle part
shows the variation of the phase associated with the peak. The pulse
window, defined at 5σ above baseline level, is between -8.5◦ and
+10◦ longitude with the peak intensity at 0◦. A dip in the LRFS
peak amplitude is seen around +1◦ from the intensity peak while
the corresponding peaks on either side were at -0.5◦ and +3.0◦.
The peak phases (middle panel, right plot) show a large variation
(> 600◦) across the pulse window. The phases across the pulse
window do not vary in a linear manner. The phase variations are
flatter in the leading part of the profile which becomes more steep
around the pulse peak and then once again relatively flat near the
trailing edge.
The pulsar J0820−1350 is a well known example of nulling
and drifting appearing in the same system. The subpulse drift-
ing was first measured by Lyne & Ashworth (1983) who reported
a change in the drift rate before and after the onset of nulling.
We have detected short duration nulls lasting between 1-2 peri-
ods. No periodicity was detected associated with the occurrence
of these short nulls (Basu et al. 2017). The change in drifting be-
haviour around the onset of nulls has been reported in other pul-
sars like B0031−07 (Vivekanand & Joshi 1997; Smits et al. 2005;
McSweeney et al. 2017) and B0809+74 (Lyne & Ashworth 1983;
van Leeuwen et al. 2002). However, the state changes are more
distinct in these pulsars and nulling lasts for longer durations which
makes such identification more easier. In fluctuation spectral anal-
ysis any deviation in subpulse tracks would show up as deviations
in the phase behaviours. As seen in the phase variations for the en-
tire observing run the phases are bunched up together indicating no
large jumps or variations around the onset of short nulls. However,
we cannot rule out small phase variations around nulls which can
be hidden within the spread of the phase measurements. The me-
dian value of the spread in the phase bunches across all longitudes
is 11.9±2.4◦. A detailed study of the subpulse variation across
the pulse window was carried out by Biggs et al. (1987). Their
estimates of the variation of the amplitude of the peak frequency
across the pulse window is consistent with our results. They esti-
mated the phase difference between two longitude bins and showed
the phase track to be steeper near the center of the profile and
relatively flatter near the edges. This is consistent with our mea-
surements. The subpulse drifting in this pulsar has also been stud-
ied by Weltevrede et al. (2006, 2007) at two frequencies, 325 and
1360 MHz. They used the two dimensional fluctuation spectrum
(2DFS, Edwards & Stappers 2003) and reported horizontal struc-
tures which is indicative of non-linear drift bands at both wave-
lengths. The relative steepening of the phase variations towards the
center of the profile was also seen in their work with the effect being
more pronounced at the higher frequency. Janssen & van Leeuwen
(2004) using the carousel model suggested that the drifting slows
down during the null state and the subpulse drift in this pulsar was
aliased. The pulsar has also been detected in intermittent and longer
null states in the past. Despite our relatively long observations the
emission was in the bright state throughout. However, the 333 MHz
observations in MSPES found the pulsar in the low intensity/null
states. The pulsar in this state showed the presence of drifting with
exactly the same properties as the bright state.
3.2 J1034−3224
The pulsar with five components has a relatively wide profile with
the 5σ boundaries lying between -45◦ and +61◦, where the peak in-
tensity is centered around zero longitude. The leading component
is very weak and appears sporadically with the peak located around
-28◦ and is similar to pre-cursor emission (Basu et al. 2015). The
subpulse drifting in this pulsar was reported for the first time by
Basu et al. (2016). No drifting feature could be detected for the
leading component. The remaining four components all showed
subpulse drifting with the same periodicity as shown in figure 3.
The left plot of the figure shows the temporal variation of the LRFS
where the peak frequency is fp = 0.139±0.014 cycles/P . This cor-
responds to a drift periodicity of P3 = 7.2±0.7. The FWHM of the
peak is 0.033 cycles/P which puts the strength of the peak value to
be S = 12.6. These measurements of the drifting properties are con-
sistent with previous values. The temporal variations of the LRFS
shows that the peak frequency has a certain width around the peak
value which has interesting implications for the IAR. Additionally,
the time average LRFS shows the presence of a wider structure in
the fluctuation spectra peaking at zero frequency and sitting under-
neath the subpulse drifting peak. The origin of this wider structure
in the fluctuation spectra was not clear. There are presence of hori-
zontal stripes seen in the time variation of the LRFS. These stripes
are indicative of the alteration in the baseline level of the fluctua-
tion spectra with time. The baseline level corresponds to the mean
value of the signal and would be zero if the mean value is zero. In
our case the existence of horizontal stripes imply that the mean pro-
file value over 256 periods is not constant but changes with time.
If we had a continuous shift in the starting period rather than a 50
period shift the variations would be continuous and not appear as
stripes. The stripes are most visible in this pulsar due to its rela-
tively weaker peak amplitude which makes the baseline variation
more clearly visible.
The right plot in figure 3 shows the variation of the peak am-
plitude (top panel) as well as the phases associated with them (mid-
dle panel) as a function of the pulse longitude. The amplitude of
the peak frequency is maximal for the second component which
is also the strongest in the profile. The third and fifth components
are relatively weaker with roughly one fourth of the second com-
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Figure 2. The figure shows the temporal variation of the LRFS in the pulsar J0820−1350. Each LRFS was determined for 256 consecutive periods and the
temporal variations were estimated by shifting the starting period by fifty pulses. The left plot shows the average LRFS across the whole pulse window as a
function of the starting period. The two regions in between with no signal corresponds to breaks in the observations during phasing of antennas which have
been masked with simulated noise. The right panel represents the variation of the LRFS across the pulse window for different time realizations for the peak
amplitude (top panel), the corresponding phase variations (middle panel) and the average profile (bottom panel). The temporal variations are seen as a spread
of the amplitudes as well as the phases while the average value at each longitude is shown as a black dot. The profile peak was the reference point for aligning
the phases in each LRFS.
ponent while the fourth component has weakest drifting with about
one tenth the peak value despite it being of comparable strength in
the profile with the third and fifth component. The phase variation
on the other hand shows the rarest and fascinating phenomenon of
bi-drifting (Qiao et al. 2004b). The phase variations in the second
and fourth components have positive slope while the third and fifth
components have negative slope, indicating drift reversals between
adjacent components. The improved phase estimation technique in
this work have made the identification of bi-drifting possible in this
pulsar which was earlier proclaimed to have a complex phase be-
haviour (Basu et al. 2016). The analysis technique loses the abso-
lute phase information of the peak frequency, however the relative
phase information across the profile is preserved. We have mea-
sured the phase variations in different parts of the profile which
apart from the reversals are more or less linear. The absolute phase
relationship between the leading and trailing part of the profile
could not be measured due to the gap in between. Thus a possi-
ble phase shift of 360◦ may be present between these two parts
of the pulse window. The phase roughly increases from -16◦ to
+12◦ in the longitude range -4◦ to +3◦ corresponding to the sec-
ond component. The third component is wider and spread between
the longitude range +3◦ to +20◦. The phase in this region roughly
decreases from +12◦ to -150◦. The drifting in the fourth compo-
nent with the weakest features is confined between longitude range
+35◦ and +39◦and the phase increases from +70◦ to +200◦. Finally,
the fifth component has drifting features extending from +42◦ to
+52◦ in longitude with the phase decreasing from +150◦ to +80◦.
As mentioned earlier, the bi-drifting phenomenon is ex-
tremely rare and reported in two other pulsars, J0815+0939
(Champion et al. 2005; Szary & van Leeuwen 2017) and
B1839−04 (Weltevrede 2016). In case of PSR J0815+0939 the
pulsar exhibit four components with the opposite phase variation
seen only in the second component. In case of B1839−04 there
are two components whose phases show opposite slopes. In this
regard PSR J1034−3224 is unique since it shows multiple drift
reversals with alternate components having opposite direction of
phase variations. The bi-drifting phenomenon is extremely difficult
MNRAS 000, 000–000 (0000)
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Figure 3. The figure shows the temporal variation of the LRFS in the pulsar J1034−3224. Each LRFS was determined for 256 consecutive periods and the
temporal variations were estimated by shifting the starting period by fifty pulses. The left plot represents the average LRFS across the whole pulse window as
a function of the starting period. The region in between with no signal corresponds to breaks in the observations during phasing of antennas which have been
masked with simulated noise. The right plot shows another realization of the LRFS by showing the variations across the pulse window of the peak amplitudes
for all times (top panel), the corresponding phase variations (middle panel) along with the average profile (bottom panel). The temporal variations are seen as
a spread of the amplitudes as well as the phases while the average value at each longitude is shown as a black dot. The profile peak was the reference point for
aligning the phases in each LRFS.
to understand from simple models of the IAR which we briefly
discuss in the next section.
3.3 J1555−3134
The pulsar shows a classical conal double profile with both compo-
nents showing the presence of subpulse drifting (Basu et al. 2016).
The components are of comparable intensity with the trailing com-
ponent associated with the profile peak. The 5σ boundaries of the
pulse window are between longitudes -24◦ and +11.5◦ where the
profile peak is aligned along 0◦. The time varying LRFS of the
pulsar is shown in figure 4, left plot, where both components have
similar drifting periodicities. The pulsar shows the presence of two
distinct peaks in the fluctuation spectra with fp,1 = 0.057±0.012
cycles/P and fp,2 = 0.098±0.010 cycles/P . Though the errors are
large the peaks do not appear to be harmonically related. The corre-
sponding strengths of the peaks are S1 = 20.6 and S2 = 22.2 which
shows that they are of similar strengths. The FWHM of the peaks
are 0.027 cycles/P and 0.025 cycles/P respectively and the peaks
show some spread in single realizations of LRFS as well as in their
time evolution. The drifting periodicities are estimated to be P3,1
= 17.5±3.6 P and P3,2 = 10.2±1.0 P for the two peaks which is
consistent with previous measurements.
In figure 4, right plot, the variations of the peak amplitude (top
panel) as well as the associated phase (middle panel) are shown as
a function of pulse longitude separately for the two different peaks.
The peak amplitudes of the two drifting features are not coinci-
dent with their maximum being slightly displaced along the x-axis
(pulse longitude). As a first step we estimated the phase variations
of the two frequency peaks without introducing any arbitrary phase
shifts across the pulse window. We estimated multiple iterations of
the 256-period LRFS which will have random phase shifts between
them. This enabled us to test if the two frequency peaks are harmon-
ically related. If we assume that the phase variations are linear then
the first harmonic will show a phase variation with a gradient which
is twice that of the fundamental frequency. Thus for different itera-
tions of the LRFS the phase at any longitude corresponding to two
harmonics will have a definite relationship. However, the phases
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Figure 4. The figure shows the temporal variation of the LRFS in the pulsar J1555−3134. Each LRFS was determined for 256 consecutive periods and the
temporal variation was estimated by shifting the starting period by fifty pulses. The left plot represents the average LRFS across the whole pulse window as
a function of the starting period. The fluctuation spectra shows the presence of two distinct frequency peaks. The right plot shows the variation of the LRFS
across the pulse window for all times for the peak amplitudes (top panel), the corresponding phase variations (middle panel) along with the average profile
(bottom panel). The temporal variations are seen as a spread of the amplitudes as well as the phases while the average value at each longitude is shown as a
black dot. The profile peak is the reference point for aligning the phases in each LRFS. The phase variations for the two peaks are shown separately and exhibit
a difference across the pulse window.
corresponding to the two frequency peaks in this pulsar had no def-
inite relationship but were randomly distributed. This indicates that
they are not harmonically related.
In the figure 4, right plot, middle panel, we have treated the
phases corresponding to the two frequency peaks as independent
measurements and fixed separately to be zero at the longitude of
the profile peak. For each frequency peak the phases across the
two components are locked indicating a clear phase relationship
across the pulse window. The phase variations are increasing from
the leading to the trailing part of the profile and exhibits a posi-
tive slope. In order to characterise the slopes of the phase tracks
for the two frequency peaks we have estimated approximate fits
of these tracks for the two components using linear least squares.
The tracks for each 256-period LRFS have been fitted separately
and the distributions of the slopes for all such realizations of LRFS
were estimated. We have used the original phase tracks for this fits
without fixing the phase at profile peak to zero. In Table 2 the mean
of the slopes for different components and frequency peaks as well
as the errors (the rms of the distribution) are shown. It is not possi-
Table 2. The estimates of the slopes for the different components and
frequency peaks. The phase tracks corresponding to each 256-period
LRFS have been approximated with linear fits. We report the the mean
and rms (error) of the distribution of the slopes for the observing dura-
tions.
leading Comp. Trailing Comp.
Peak 1 Peak 2 Peak 1 Peak 2
22.1±7.6 20.3±4.7 18.5±3.7 21.1±2.6
ble to directly compare the phase tracks of the two frequency peaks
since they are not phase locked. But it is interesting to note that
the slopes are similar for the different peaks which is contrary to a
harmonical dependence between them.
There is a possibility that the two peaks are not actually simul-
taneous but the pulsar switches very rapidly between the two drift-
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ing states at timescales less than 256 periods. To test this we used
128 period and 64 period FFT lengths for the LRFS studies. The
two peaks were also seen in these measurements indicating their
near simultaneity. Any shorter duration studies were not possible
since the two peaks merged together and could not be resolved.
There have been earlier observations of systems which undergo
mode changing with associated change in subpulse drifting peri-
odicity. However, to the best of our knowledge PSR J1555−3134
is currently the only known example where two different drifting
periodicities, which are not harmonically related, exist simultane-
ously. It is also possible that the pulsar switches between these two
drifting states at very short timescales. This raises many questions
about the conditions in the IAR that can accommodate multiple
drift periodicities either existing simultaneously or switching be-
tween them at short intervals.
3.4 J1720−2933
The pulsar J1720−2933 is another example where the subpulses
seem to move across the entire pulse window, similar to PSR
J0820−1350. The pulsed emission is roughly spread between lon-
gitude range -12◦ and +18◦. The time variation of the LRFS is
shown in figure 5, left plot. Unlike the previous cases the drift-
ing feature in the LRFS is much narrower in individual realizations
and shows a jitter with time resulting in a wider average width. To
explore the actual width of the drifting feature we have carried out
higher resolution analysis. This involved using increasing lengths
of pulse sequences to estimate the fluctuation spectra. It was seen
that the width stabilized between FFT lengths of 1024 and 2048
periods. We have shown the LRFS measurements in the figure cor-
responding to 1024 consecutive periods and increasing the start-
ing point by fifty periods. The peak frequency in the time average
LRFS is given as fp = 0.408±0.001 cycles/P . The FWHM of the
peak frequency is 0.003 cycles/P and the corresponding S = 337.6,
which is the highest in our list. However, the FWHM is still a factor
of two to three larger than in certain individual realizations of the
LRFS. The drifting periodicity of the pulsar isP3 = 2.452±0.006 P
which is consistent with the measurements of Basu et al. (2016).
In figure 5, right plot, the change in the amplitude of the fre-
quency peak, as well as the associated phase, with the pulse longi-
tude are shown. The amplitudes show the widest spread across the
mean for this pulsar. This is most likely because the single pulses
have the weakest signal to noise. In this context the high ordering
of the drifting is remarkable and is seen despite the comparative
weakness of the pulsar signal. The phases show a large variations
increasing steadily from around -500◦at the leading edge of the
pulse window to about +500◦towards the trailing edge. The phase
changes are not of linear nature but show a relative flattening to-
wards the trailing edge. However, the variations are different from
PSR J0820−1350 where the phases show more flattening towards
both the leading and trailing edge.
4 DISCUSSION
The most prominent model of subpulse drifting has been proposed
by Ruderman & Sutherland (1975) who considered an aligned ro-
tator. The sparking discharges in the IAR lagged behind co-rotation
since the plasma density is less than the co-rotation density re-
sulting in the drifting pattern. Alternatively, there are other ex-
isting models of non-aligned and non-corotating magnetospheres
where the subpulse drifting phenomenon can also to be explored
(Melrose & Yuen 2013; Yuen et al. 2016). The validity of the ro-
tating subbeams around the magnetic axis in the form of ‘carousel’
model in non-aligned rotators was assumed by Gil & Sendyk
(2000); Deshpande & Rankin (2001) and subsequent analysis of
subpulse drifting was based on this model. The different phase be-
haviours seen in the population are associated with different line of
sight cuts of the emission beam. In recent works it has been sug-
gested that the carousel model is physically inconsistent with the
pulsar electrodynamics (Basu et al. 2016; Mitra & Rankin 2017).
In non-aligned pulsars the lagging behind co-rotation imply that
the sparks should be moving around the rotation axis and not the
magnetic axis as postulated in the carousel model. In addition many
models (Gil et al. 2003) require the presence of highly non-dipolar
fields in the IAR. The radius of curvature of the field lines in the
IAR should be much higher than the dipolar case for the primary
plasma to reach sufficient energies for radio emission (see Mitra
2017, for a review of the conditions in the IAR leading to ra-
dio emission in pulsars). The presence of non-dipolar fields in the
IAR would considerably distort the magnetic field lines in the gap
and likely displace the polar cap from its dipolar location. Mod-
els for such fields exist in the literature (Gil et al. 2002) where the
non-dipolar field have been approximated as a star centered dipole
coupled with dipoles, with much smaller dipole moments, on the
stellar crust near the IAR. One direct consequence of these con-
ditions is that the spark trajectories in the IAR will be distorted.
The phase variations associated with subpulse drifting as shown in
our measurements deviate from linear variations across the pulse
window. This is likely another indication of the presence of non-
dipolar magnetic fields in the IAR. However, no such study exist in
the literature where subpulses lagging behind corotation and mov-
ing in non-dipolar magnetic fields have been simulated to show the
nonlinear phase variations. In certain cases the deviations of the
phase variations from linear trend can be explained via line of sight
curvature (Edwards & Stappers 2003).
Another aspect of subpulse drifting that has been particu-
larly challenging to understand is the effect of bi-drifting seen in
only three pulsars, including J1034−3224. The reversal of phase
changes in adjacent profile components cannot be explained either
from a simple carousel rotation of subpulses around the magnetic
axis as well as the sparks lagging behind corotation around the rota-
tion axis. To understand this effect several exotic models for emis-
sion has been suggested. Qiao et al. (2004a) proposed the presence
of an Inner Annular Gap in addition to the IAR. In the two gaps
the drifting is assumed to be different which accounts for the bi-
drifting phenomenon. In recent works it has been suggested that
the polar cap associated with the IAR is highly distorted and is el-
liptical in nature and located further way from the dipolar polar
cap. In such cases the bi-drifting effect has been reproduced us-
ing the carousel model and and the associated line of sight travers-
ing a complex path through the IAR (Szary & van Leeuwen 2017;
Wright & Weltevrede 2017). It should be noted that in all three
pulsars where bi-drifting have been observed the profiles are very
wide encompassing more than 100◦ in longitude. This is indicative
of the pulsar geometry where the angle between the rotation and
magnetic axis should be small. Another promising model for the
bi-drifting which has not been explored yet is the lagging behind
corotation in the presence of highly non-dipolar magnetic fields in
the IAR.
Finally, our studies also show that in the majority of cases
the drifting feature is not seen as a narrow peak but shows cer-
tain width which further evolves with time. It is possible that the
P3 is not sharply defined but jitters around a mean value. It should
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Figure 5. The left plot of figure shows the temporal variation of the LRFS in the pulsar J1720−2933. The pulsar shows one of the narrowest features in the
fluctuation spectra. We have used the a higher resolution studies with FFT lengths of 1024 periods to estimate the width of the feature. The temporal variation
was estimated by shifting the starting period by fifty periods. The region in between with no signal corresponds to break in the observations during phasing of
antennas. The right plot shows the variations of the LRFS across the pulse window for all times for the peak amplitude (top panel), the corresponding phase
variations (middle panel) along with the average profile (bottom panel). To obtain higher sensitivity measurements, particularly for the phase, we have used
256 periods to estimate the LRFS for these studies similar to other pulsars. The temporal variations are seen as a spread of the amplitude as well as the phase
while the average value at each longitude is shown as a black dot.The profile peak was the reference point for aligning the phases in each LRFS.
be noted that the subpulses are themselves averaged over thousands
of sparks. The origin of any variation on this average effect is not
clear to us and requires more detailed modelling of the physical
conditions in the IAR. In this scenario the sharp peak associated
with the pulsar J1720−2933 is remarkable since it shows highly or-
dered states. However, even in this pulsar we have shown the peak
to jitter around the mean value in longer duration observations. The
truly baffling observation for us remains the two frequency peaks
seen in the pulsar J1555−3134 which our analysis show are not
harmonically related. If we relate P3 to the sparking process in the
IAR then P3 = d/vd, where d is the average separation between
two consecutive sparks and vd the drift velocity of the spark. In
the IAR vd can be further expressed as vd = (∆E/B)c, where
∆E is the change in the electric field in the gap during the spark-
ing process, B the magnetic field in the IAR and c the speed of
light. The variables in the above expression are d and∆E. The av-
erage separation between sparks is governed primarily by the mean
free path of γ-ray photons in the IAR (Ruderman & Sutherland
1975). In a separate work van Leeuwen & Timokhin (2012) has
suggested the drift velocity to depend on the variation of the ac-
celerating potential across the polar cap. However, there are no
provisions in the above models to explain the jittering around the
mean frequency with timescales spanning several hundred periods.
Most of these models deal with steady state configuration with only
spatial variations across the IAR. Such requirements for the time
variations in the IAR has also been noted by Basu et al. (2017);
Mitra & Rankin (2017), in order to explain different phenomenon
like periodic nulling or mode changing in certain pulsars. It was
suggested in these works that the pair production process in the
IAR is periodically or quasi-periodically affected by external trig-
gering mechanism at timescales ranging from minutes to hours.
This can also be relevant for the jittering seen in the subpulse drift-
ing peaks. There are also no provisions to accommodate multiple
realizations of either d or ∆E to coexist simultaneously or switch
continuously between two states at short intervals. The presence of
two frequency peaks would require new understanding of the phys-
ical processes in the pulsar magnetosphere. Alternative models for
drifting subpulses like the ones involving surface oscillations can
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be explored to investigate the multiple simultaneous peaks in the
fluctuation spectra (Rosen & Clemens 2008).
5 SUMMARY
In this work we have carried out detailed measurements of drift-
ing properties in four long period pulsars which show very dif-
ferent behaviours. In three pulsars J0820−1350, J1555−3134 and
J1720−2933 the phase variations are monotonically increasing
from leading to the trailing edge, however these variations are not
linear. On the other hand the pulsar J1034−3224 show the rare phe-
nomenon of bi-drifting with reversals in the direction of phase vari-
ation in every alternate profile component. The pulsar J1555−3134
show the presence of two different drifting frequencies at the same
time which are not harmonically related. The peak frequency asso-
ciated with drifting usually show a jitter around a mean value. This
is also true for the most ordered drift pattern in PSR J1720−2933
which shows small scale variations in peak frequency with time.
The diversity of subpulse drifting reported here is particularly chal-
lenging for the different models predicting the physical conditions
in the pulsar magnetosphere. The temporal fluctuations of the drift-
ing frequencies, the shape of the phase variations and the presence
of the two peaks in the pulsar J1555−3134 point towards unex-
plored physical processes that affect the emission mechanism. The
physical processes responsible for the plasma generation take place
at timescales of hundreds of nanoseconds to several tens of mi-
croseconds (Ruderman & Sutherland 1975). Despite the temporal
fluctuations of the peak frequency from the mean value the sub-
pulse drifting exist in an underlying steady state throughout these
long observing runs. This demonstrates the pulsar magnetosphere
to exist in a steady emission state over long timescales.
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